The endoderm of Drosophila is patterned during embryogenesis by an inductive cascade emanating from the adhering mesoderm. An immediate-early endodermal target gene of this induction is Dfos whose expression is upregulated in the middle midgut by Dpp signalling. Previous evidence based on a dominant-negative Dfos construct indicated that Dfos may cooperate with Dpp signalling to induce the HOX gene labial, the ultimate target gene of the inductive cascade. Here, we examine kayak mutants that lack Dfos to establish that Dfos is indeed required for labial induction. We provide evidence that Dfos acts through a CRE-like sequence, previously identi®ed to be a target for signalling by Dpp and by the Epidermal growth factor receptor (Egfr) in the embryonic midgut. We show that Dfos expression is stimulated by Egfr signalling. Finally, we ®nd that Dfos function is required for its own upregulation. Thus, endoderm induction is based on at least four tiers of positive autoregulatory feedback loops. q
Introduction
Induction of the endoderm in the Drosophila embryo is mediated by extracellular signals secreted from the adhering visceral mesoderm (Bienz, 1997) . A key primary signal in this process is Dpp, a TGF-b-like growth factor, whose localized expression in the visceral mesoderm is directly induced by Ultrabithorax, the HOX gene at the top of the inductive cascade (Immerglu Èck et al., 1990; Reuter et al., 1990; Sun et al., 1995) . Dpp induces localized expression of the secondary signal Vein, a ligand for the epidermal growth factor receptor (Egfr), and cooperates with this signal to induce localized expression of the HOX gene labial in the subjacent endoderm (Szu Èts et al., 1998) . labial, the ultimate target gene of the inductive cascade, speci®es cell differentiation in the larval gut (Hoppler and Bienz, 1994) .
Drosophila Fos (Dfos) is expressed at elevated levels in the middle midgut of the embryo (Perkins et al., 1990) . This is due to induction by Dpp signalling, and evidence from expressing a dominant-negative Dfos construct suggested that Dfos is an immediate±early response gene in the endoderm whose function is required for induction of labial and, subsequently, for cell differentiation in the larval gut (Riese et al., 1997a) . Recently, a null allele of Dfos has been identi®ed and shown to function during the process of dorsal closure (Riesgo-Escovar and Hafen, 1997; Zeitlinger et al., 1997) . Riesgo-Escovar and Hafen (1997) also examined Labial expression in the embryonic midgut of Dfos mutants, but found it to be normal. However, re-examining these mutants during the stages when endoderm induction takes place, we ®nd strong defects in both Labial expression and in the expression of minimal Dpp-responsive reporter genes. We further show that the localized upregulation of Dfos in the endoderm requires not only Dpp, but also Egfr signalling, and Dfos function itself. We conclude that Dfos is an essential component of the inductive pathway that patterns the Drosophila endoderm.
Results

Endodermal targets of Dfos
There are two extant alleles of kay one of which is very weak (kay 2 ; Riesgo-Escovar and Hafen, 1997; Zeitlinger et al., 1997 (Zeitlinger et al., 1997) . We stained kay 1 embryos with antibody against Labial and found much reduced staining in the middle midgut of the kay 1 homozygotes (Fig. 1D , compare with A). Far fewer endodermal cells showed any Labial staining, and the remaining positive cells stained fairly weakly with the exception of a few`escaper' cells. This effect was similar to that of the dominantnegative Dfos construct Fbz (containing only the DNAbinding and the dimerization domain of Dfos; Eresh et al., 1997) after expression in the endoderm ( Fig. 2G ; see also Riese et al., 1997a) . We note that the effect of Dfos loss on Labial expression is most prominent in young shortened germ band embryos, while it is masked somewhat by the residual staining of the`escaper' cells in older embryos whose gut has elongated completely (not shown). Perhaps this explains why the effect of Dfos on Labial expression went unnoticed previously. We conclude that Dfos is required for induction of Labial expression in the embryonic midgut. Fig.  2A,B) . Likewise, the labial midgut enhancers contains multiple CRE-like sequences and Mad binding sites (Fig.  2C ) that are required for its response to Dpp signalling (Eresh et al., 1997; Szu Èts et al., 1998) . Furthermore, multimers of the minimal DRS from Ubx, if linked to a canonical TATA box, confer Dpp-responsive reporter gene expression in the Labial domain of the midgut epithelium, albeit not in the visceral mesoderm (Eresh et al., 1997) . We examined lacZ expression in the midgut of embryos bearing these minimal Dpp-responsive reporters (4CRE and 5CRE embryos; Fig. 2B ) in a kay 1 mutant background. We found that, in the kay 1 homozygotes, the lacZ antibody staining was strongly reduced in the case of 5CRE (Fig.  1E , compare to B), and almost completely eliminated in the case of 4CRE (not shown). We also tested a minimal signal responsive reporter (called L-CRE) which spans the CRE and its overlapping Mad binding site as well as the adjacent Wingless response sequence (WRS), a binding site for the Wingless response factor LEF-1/TCF (Riese et al., 1997b; Fig. 2B) . L-CRE is Dpp-as well as Winglessresponsive, and mediates lacZ expression not only in the endoderm, but also in the visceral mesoderm (Riese et al., 1997b) (Fig. 2C) . We found that L-CRE staining was strong and barely affected in the visceral mesoderm of kay 1 homozygotes ( Fig. 1F , arrows), whereas we only found residual endodermal staining in these mutants (Fig. 1F, arrowheads) . Clearly, Dfos is required for CRE-mediated expression in the endoderm, but probably not in the visceral mesoderm. We conclude that Dfos either upregulates a gene in the middle midgut epithelium that acts through the minimal CRE reporters, or that Dfos directly transactivates these reporters. Since Dfos is a basic region/leucine zipper (bZIP) protein that can potentially bind to CRE-like sequences (Lalli and Sassone-Corsi, 1994) , the latter is a clear possibility.
We addressed this by expressing Fbz in the endoderm and by staining 5CRE-bearing embryos with an antibody against lacZ. This revealed that 5CRE-mediated staining was greatly reduced in the Fbz-expressing embryos (Fig. 1H , compare with B). A similarly strong effect was also observed with 4CRE (not shown). We previously found that an equivalent dominant-negative construct for Djun (Jbz) did not affect either of the CRE reporters, although a CREB dominant-negative (Cbz) did (Eresh et al., 1997) . Of these bZIP proteins, CREB proteins were found to bind robustly to the CRE-like sequence in vitro while neither Dfos nor Djun did (Eresh et al., 1997) . This suggested that Dfos either cannot bind to the CRE at all, or that it requires an appropriate partner to do so. Whatever the case, the in vitro binding results suggest that the effects of Fbz on labial and on CRE reporter gene expression in vivo may be speci®c and functionally signi®cant, rather than simply re¯ecting an intrinsically high binding af®nity of Dfos to the CRE-like sequence (as may be the case for CREB proteins). Our ®ndings are consistent with Dfos acting directly through a CRE-like sequence in the labial midgut enhancer during endoderm induction.
Regulators of Dfos during endoderm induction
We have shown previously that Dfos expression in the midgut epithelium is locally upregulated by Dpp, but not by Wingless signalling (Riese et al., 1997a) . Since Dpp closely co-operates with Egfr signalling during endoderm induction (Szu Èts et al., 1998), we asked whether Egfr signalling also stimulates Dfos expression. To mimic loss of Egfr signalling, we expressed a dominant-negative form of Egfr (DN-DER) in the endoderm. Under these conditions, Egfr signalling is blocked only in a small subset of embryonic cells, and embryonic development as a whole is thus relatively normal. This is preferable to the use of mutant embryos which lack Egfr function (or its ligand Vein) altogether: these mutants are severely abnormal (Szu Èts et al., 1998) , due to the highly pleiotropic effects of their loss of Egfr signalling (Clifford and Schu Èpbach, 1992; Raz and Shilo, 1992) .
We stained DN-DER-expressing embryos with antibody against Dfos. These embryos never showed high levels of Dfos protein in the endodermal cells of the parasegment (ps) 6/7 region in the midgut (Fig. 3C,D) as normally seen in the wild type (Fig. 3A,B) . Although some endodermal cells seem to be missing in these embryos, we could still see midgut epithelial cells that showed low levels of Dfos antibody staining (Fig. 3D, arrows) . Essentially the same result was found if Dfos transcripts were analysed by in situ hybridization (not shown). This indicates that Egfr signalling is necessary for the localized upregulation of Dfos in the midgut epithelium.
Dras1 is a key effector of Egfr signalling in Drosophila (Simon et al., 1991) . Expression of activated Dras1 stimulates Ubx-derived reporters, and Ubx itself, in the visceral mesoderm although this condition does not lead to ectopic activation of these target genes (Szu Èts et al., 1998) . We expressed activated Dras1 throughout the endoderm, and found that this somewhat stimulated Dfos expression in the middle midgut (Fig. 3E,F) . In particular, there seem to be a pile-up of additional endodermal Dfos-staining cells within the ps6/7 region of the midgut (Fig. 3F , left-hand arrows). Also, there were additional cells posterior to the middle midgut constriction that expressed Dfos (Fig. 3F , right-hand arrow). Although we cannot rule out the possibility that there is some cell rearrangement in the middle midgut as a result of Dras1 stimulation, our staining patterns suggest that there is net extra Dfos expression under these conditions. These results support our notion that Egfr signalling is necessary for upregulation of Dfos expression in the endoderm.
Finally, we asked whether Dfos function might be required for its own upregulation in the middle midgut endoderm. We could not use kay 1 mutant embryos to test this since these do not produce detectable transcripts in the midgut (not shown). Instead, we examined embryos expressing Fbz in the endoderm. These embryos did not show any elevated levels of Dfos transcripts in the middle midgut (Fig. 3H, open triangle, compare with G). This is evidence that Dfos is required for its own expression in this region.
Discussion
We examined kay 1 mutants to establish that Dfos is a functional component of the inductive pathway that patterns the endoderm (Fig. 4) . Speci®cally, we found that Dfos is required in the endoderm for localized induction of labial, the ultimate target gene of this pathway. This validates our earlier results with the dominant-negative Fbz construct that suggested a function of Dfos in this process ± bearing in mind the caveat that our present analysis is based on a single Dfos allele which is however a null allele that has been extensively used (Riesgo-Escovar and Hafen, 1997; Zeitlinger et al., 1997) . The Fbz approach also provided evidence for a late function of Dfos in the larval gut in the maintenance of copper cell morphology (Riese et al., 1997a) . This function cannot be con®rmed with the kay 1 mutants as these do not hatch as larvae. However we presume, based on the similar embryonic gut phenotypes of Fbz expression and kay 1 mutants, that this larval phenotype due to dominantnegative Dfos re¯ects a true function of Dfos in copper cell maintenance.
Our results show that Dfos acts through a CRE-like sequence. It is possible that Dfos binds directly to this sequence, but needs a partner protein to do so, explaining why we cannot detect ef®cient binding in vitro of Dfos to this sequence. In support of this, we have recently found that Dfos is a highly context-dependent transcriptional activator which requires additional DNA-binding partners to stimulate transcription (Szu Èts and Bienz, 2000; see below) . Of note, a CRE reporter without any CRE context sequence does not confer any expression in transgenic embryos (Eresh et al., 1997) , again indicating the need for DNAbinding partners. Alternatively, and perhaps less likely, Dfos may act indirectly through the CRE-like sequence, by upregulating locally the expression of an unknown CRE-binding protein.
Dfos expression is upregulated locally only in the inner cell layer of the midgut, the endoderm, but not in the outer cell layer, the visceral mesoderm. Consistent with this, our current results indicate that Dfos is only required in the former but not in the latter (Fig. 1) . Nevertheless, CRElike sequences are present in the midgut enhancers of both Ubx (expressed in the visceral mesoderm) and labial (expressed in the endoderm), and function in both enhancers in the response to Dpp (Eresh et al., 1997; Szu Èts et al., 1998) (Fig. 2 ; the 350 bp stretch from the labial enhancer in C mediates expression very similar to that seen with HZ550 described by Tremml and Bienz, 1992 ; not shown). Therefore, the stimulatory effects of Dpp signalling may be mediated by Dfos only in the endoderm, whereas an unknown protein may substitute for this role of Dfos in the visceral mesoderm. This explain perhaps why the minimal CRE reporters function robustly only in the endoderm but not in the visceral mesoderm, despite the fact that they are derived from the mesodermally expressed Ubx gene. For these reporters to function in the visceral mesoderm, they need additional context, one of these being the TCF binding site (Riese et al., 1997b) .
The CRE-like sequence appears to be a target for Egfr signalling (Szu Èts et al., 1998) . Furthermore, the embryonic gut phenotype of kay 1 mutants in the endoderm is similar to that due to loss of Egfr signalling. In particular, both mutant conditions seem to cause some degree of cell death in the midgut epithelium. Although this cell death may contribute to, we have argued previously that it does not account completely for, the mutant phenotypes observed (Szu Èts et al., 1998) . Finally, we have shown that Dfos upregulation in the ps6/7 region of the endoderm depends on Egfr function. Taken together, these observations indicate that Dfos, or its DNA-binding partner(s), may be a critical target of Egfr signalling during endoderm induction, and that the effects of Egfr signalling in the endoderm may be partly if not largely mediated by Dfos.
We have recently found that Dfos is a context-dependent transcriptional activator whose function in the embryo requires a dimerization partner, such as Djun, as well as combined Jun N-terminal kinase (JNK) and Dpp signalling (Szu Èts and Bienz, 2000) . Based on our observations, we have argued that this dimerization partner rather than Dfos itself is likely to be the target factor that is directly modi®ed and activated by JNK signalling. In some embryonic tissues, for example the dorsal epidermal cells, this dimerization partner is probably Djun (Szu Èts and Bienz, 2000) , a transcription factor known to be targeted directly by JNK and Rolled MAP kinase signalling (Noselli, 1998; Peverali et al., 1996) . However, Djun is not a good candidate for a MAP kinase-activated dimerization partner of Dfos in the midgut since Djun neither detectably affects labial nor CRE-mediated expression in the midgut (Eresh et al., 1997) . This putative signal-activated dimerization partner of Dfos in the midgut thus remains elusive.
Our data indicate that Dfos autostimulates its own upregulation in the middle midgut. This parallels labial induction which is autoregulatory in the same endodermal region (Tremml and Bienz, 1992) . The autoinductive function of Labial is probably provided by the low levels of Labial protein expressed in the endodermal primordia. Similarly, the low basal levels of Dfos expression in the endoderm may provide the autoregulatory function of Dfos in this tissue. Thus, the process of endoderm induction in Drosophila involves at least four tiers of positive autoregulatory feedback loops (Fig. 4) , two in the visceral mesoderm (Ubx and dpp; Hursh et al., 1993; Sun et al., 1995; Yu et al., 1996) and two in the subjacent endoderm (Dfos and labial; Tremml and Bienz, 1992 ; this work). In each case, the autoregulatory capacity of the transcription factors involved depends on simultaneous stimulation by extracellular signals (Dpp, Wingless or Vein; Fig. 4 ) (Hoppler and Bienz, 1995; Szu Èts et al., 1998) . Thus, each of these positive feedback loops is conditional on cell communication. This design may serve to safeguard against¯uctuation in the genetic activity of individual cells and may ensure the co-ordinated pursuit of a given developmental pathway within a group of cells.
Experimental procedures
Fly strains
The following mutant alleles and lacZ reporter strains were used: kay 1 , kay 2 (Riesgo-Escovar and Hafen, 1997; Zeitlinger et al., 1997 ; the results from the kay 1 stock were con®rmed using a kay 1 strain whose third chromosomal arms had been genetically exchanged; J. Zeitlinger, personal communication); 5CRE, 4CRE (Eresh et al., 1997) ; L-CRE (Riese et al., 1997b) . For expression of dominant-negative constructs, the following GAL4 driver and UAS responder lines were used: 48Y.GAL4 (MartinBermudo et al., 1997) ; UAS.Fbz (Eresh et al., 1997) ; UAS. DN-DER (O'Keefe et al., 1997) ; UAS.Dras1 V12 (Lee et al., 1996) .
In situ hybridization and antibody staining
For in situ hybridization to Dfos transcripts, a DIG-labelled single-stranded DNA probe was generated by asymmetric PCR (Szu Èts et al., 1998) ; this probe spans the 5 H part of the cDNA (to residue 1518; Perkins et al., 1990 ) and thus allows detection of endogenous but not of UAS.Fbz-encoded transcripts. Antibody stainings with rat a-Labial or a-Dfos antiserum (Riese et al., 1997a) , or with a mouse monoclonal a-LacZ antibody (Promega), were done as described (Szu Èts et al., 1997) .
